Abstract: This paper presents a stand-alone Wind/PV hybrid power system supplying a threephase induction motor for pumping applications. The nonlinear dynamical mathematical model for the system components is presented and used for numerical simulations. The system comprises a fixed speed wind turbine driving a self-excited induction generator (SEIG) terminated by capacitor bank, and a photovoltaic (PV) array integrated via DC-DC converter, inverter and LC filter. The two sources feed (IM) driving a centrifugal pump. The duty ratio of the converter is controlled to maintain constant voltage at common coupling point. System performance is tested by changing the load torque coupled to the motor at certain solar irradiance levels and with fixing load torque with successive step changes of the solar irradiance levels. It is concluded that the system has the ability to run at wide range of solar intensity levels and motor loading conditions. Numerical simulations are executed using MATLAB software.
Introduction
As the world population is increasing dramatically, the demand for electricity became one of the world's largest concerns. So many researchers have focused recently on this aspect. Moreover, the environment problems and other related issues have boosted the attention for the use of renewable energy resources such as wind, solar, fuel cells, water power and many others as solutions for expected critical crisis in many countries.
The dynamical and the steady-state behaviour of hybrid powered direct current (DC) series motor through PV and DC shunt generators are presented . The PV generator delivers its power through DC-DC buckboost converter. The maximum power point (MPP) of the PV generator has been tracked. The shortage of the power generated by the PV generator is compensated by the DC shunt generator through calibrating its terminal voltage via automatically changing its driving torque. The PV generator is designed such that its MPP is at the rated conditions of DC motor. Dynamical analysis is carried out through step changes in the load attached to the motor for a given solar irradiance and through successive step changes in the solar intensity for fixed load.
The running performance of a hybrid system including wind/PV and battery storage system is presented (Kim et al., 2008) . This system is a multimode system that enables the operation without battery, power dispatching and power averaging. Supervisory control is utilised to regulate the system operational modes. Modelling and numerical simulations of the system performance are carried out through electromagnetic transient analysis. A hybrid inverter of 30 kW is used. Simulations and experimental results are used to evaluate the overall dynamical behaviour of the hybrid system.
The dynamical stability of hybrid wind/PV system based on micro-grid is investigated (Deng et al., 2008) . In this research, the storage devices are used to comprise a micro-grid through suitable energy schemes to enhance supply reliability. The small signal model of this system is derived afterwards. The small signal stability is studied in order to determine the best dependable operating points and the best control schemes of the system. The data obtained assured that the model was accurate and the results obtained can be referred while designing such hybrid system regarding dynamical stability and control.
The small-signal stability, steady-state nature and dynamical behaviour of isolated hybrid wind/PV battery system feeding a single-phase load are outlined (Wang and Lin, 2007) . The output of both generating units is stored in a battery, and converted to alternating current (AC) using DC-AC power inverter to feed a single-phase load. The d-q axis equivalent circuits for the system components are derived for dynamical analysis. The experimental results obtained for 300 W synchronous generator, 1.5 kW PV generator and 24 V battery are compared to the simulated results which made the proposed model valid. Small-signal stability of the system at several operating points and different disturbance conditions are studied using eigenvalues of the linearised model and dynamical simulation.
The dynamical modelling and the simulation results of a small hybrid wind/PV/fuel cell hybrid energy system are presented (Esmaeili and Shafiee, 2012) . It includes 500 W wind turbine, PV generator, a proton exchange membrane fuel cell, ultra capacitor, electrolyser, boost converter, controller and power converter. The abrupt changes in voltage values have been avoided by ultra-capacitor. The dynamics of the fuel cell component is addressed. The system controller and voltage regulators are based on PID controller. The dynamical responses for wind speed variations and load step changes are simulated. The system shows an ability to adjust itself to unexpected changes in system operating points and disturbances.
The hybrid system consisting of a wind/PV generating systems is simulated using MATLAB (Valarmathi et al., 2012) . Both sources are linked to a common PWM voltage source inverter through AC-DC rectifier and DC-DC converter, VLSI based fuzzy logic controller is used to guarantee constant voltage needed for the load through the converter PWM signal. The Wind turbine and PV voltages are controlled through an error signal which is fed to the controller to generate a pulse for DC-DC converter. Simulation results show that the system provides constant power and the system is able to recover from most of the faults. In Widyan (2015a), a hybrid system having fuel-driven DC shunt generator and PV system to power permanent-magnet DC motor for pumping purposes is analysed. The system is modelled and simulated to test its operational behaviour at different loading conditions and irradiance levels. System dynamics and the steady-state torque speed characteristics of the motor are also addressed under different operating conditions. It is concluded that the system is reliable and can tolerate different disturbances as it can settle down to the normal operating points. The operational characteristics of a hybrid powered three-phase induction motor by PV and synchronous generator is carried out (Widyan, 2015b) . The voltage of a common coupling point is controlled by the AVR of synchronous generator which is used to change its magnitude in accordance with the MPP of photovoltaic (PV) generator at all convenient intensity levels. Power control unit is used to control the torque of synchronous generator once PV generator alone becomes unable to meet the load power demand. Steady-state and dynamical analysis are conducted for the system in d-q stationary reference frame. The system exhibits good performance at different operating conditions. The operational characteristics of synchronous generator hybrid excited by PMDC generator and PV generator are verified (Widyan, 2014) . The PV generator is designed to meet the entire excitation condition of the generator at full solar concentration. The control power unit controls the PMDC generator to compensate for any immediate reduction in the excitation of synchronous generator when the irradiance falls in order to keep the terminal voltage and the reactive power of the synchronous generator at their rated values. The system response is tested and the eigenvalues of the linearised system at different operating conditions are studied. This study demonstrates that the system is dynamically robust with proper operating points. P&O technique as MPP tracking (MPPT) method for the dynamical analysis of DC shunt motor powered by PV generator at different solar irradiance levels is investigated (Sweidan, 2017) . At each solar intensity, the MPP of current/voltage (I/V) characteristic of the PV generator is achieved by perturbation and observation (P&O) algorithm. The nonlinear behaviour of (I/V) characteristics of the PV generator at various solar intensities and the magnetisation curve of the ferromagnetic material of the DC shunt motor are described by high order polynomial mathematical expression. Also P&O algorithm as MPPT method for the transient and steady-state analysis of DC series motor fed from PV generator at different solar irradiance levels and various motor loading conditions is presented. The dynamical analysis of the system is carried out at different solar intensities. The dynamical analysis has been further investigated after step changes in solar intensity levels with fixed load coupled to the motor. The steady-state behaviour of the DC series motor is addressed at various solar irradiance levels (Sweidan and Widyan, 2017) .
In this paper, the proposed system is a stand-alone wind/PV hybrid power system without storage elements feeding three-phase induction motor for pumping applications. The wind turbine is utilised by a self-excited induction generator (SEIG) paralleled at a common coupling point with a PV generator and three-phase induction motor. The control strategy is made by subtracting the common coupling bus phase voltage from a reference one to produce a difference voltage that is used for changing the duty cycle of the DC-DC buck-boost converter to keep the inverter input voltage constant and so is the voltage of the common coupling point. This paper is structured in the following manner: Section 2 describes the configuration of the system under study. The dynamical mathematical model of all power system components including the design of the PV generator are outlined in Section 3. The numerical simulations and discussions are addressed in Section 4 and finally conclusions are presented in Section 5. Figure 1 shows a schematic diagram for the stand-alone power system under study (Abuashour, 2016) . It is a hybrid energy system which comprises a PV generator integrated to a fixed speed wind-driven self-excited squirrel-cage induction generator at a common coupling point. DC-DC buck-boost converter, three-phase DC-AC inverter and LC filter are embraced between the terminals of the PV generator and the common coupling point. The mandatory lumped capacitance of the three-phase induction generator connected to its stator which is used to provide the induction generator with its reactive power requirements and that of the LC filter are combined together and shunted across the common coupling point. This hybrid energy system is used to feed three-phase squirrel-cage induction motor that is driving a centrifugal pump mechanically coupled to its shaft. The DC-DC converter is used to inject the common coupling point with fixed voltage by adjusting its duty cycle D. The frequency of the injected voltage at the common coupling point is controlled by the frequency modulation index of the inverter m f which has been kept constant such that to provide the induction motor with voltage characterised by constant frequency at all running conditions. The amplitude modulation index of the inverter m a has also been treated as constant parameter as the control of the voltage of the common coupling point is executed by the voltage controller of the DC-DC converter. The LC filter is designed to suppress the inherent most dominant harmonic components available in the output voltage of the inverter. 
System configuration and description

PV generator design and system dynamical model
This section presents some design aspects of the PV generator along with its output characteristics which are the terminal voltage of the PV generator as function of the output current and the corresponding output power at various solar irradiance levels. The mathematical equations representing the dynamics of the system are also summarised for all system components in their nonlinear form as projected on the synchronously rotating d-q reference frame.
PV design and output characteristics
PV cells are assembled from modules which are interconnected in series-parallel arrangement to produce arrays. The mathematical model of PV array is given by the following equation (Patel, 1999 ):
where C, H: diode ideality factor, K: Boltzman's constant which is 1.38 × 10 -23 and T: ambient temperature (K). The PV solar power plant is designed using PV modules connected in parallel and series combinations to achieve the desired values for current, voltage and power. The PV generator has a power of 13.5 kW, 455.2 V open-circuit voltage and 45.1 A short-circuit current. The voltage and current at MPP are 348.6 V and 38.72 A, respectively. It consists of 22 parallel branches and each branch has seven modules connected in series. The voltage and power curves versus current of the designed PV generator at different solar irradiance levels are shown in Figure 2 .
As can be noted from Figure 1 , the output voltage as function of the current of the PV generator is highly nonlinear. It has been approximated using a 10th order polynomial function as (Widyan, 2015a (Widyan, , 2015b Widyan, 2014; Sweidan, 2017; Sweidan and Widyan, 2017) :
System dynamical mathematical model
In this subsection, the dynamical mathematical model of all system components in the original nonlinear form is summarised in the synchronously rotating d-q reference frame.
Filter and shunt capacitance
Applying KVL around the loop of the inductance of the filter and the shunt capacitance yields (Kundur, 1993) :
Three-phase induction motor
The nonlinear dynamical mathematical model of squirrelcage three-phase induction motor in synchronously rotating d-q reference frame can be summarised as (Kundur, 1993) :
Three-phase induction generator
The nonlinear dynamical mathematical model of squirrelcage three-phase induction generator in synchronously rotating d-q reference frame can be summarised as (Kundur, 1993)[14] :
Voltage controller
As shown in Figure 1 , the process of controlling the voltage of the PV generator and hence the voltage of the common coupling point is represented by equations (17) and (18):
( 1 8 ) Equations (3)- (18) ( 1 9 ) The variable T mo appearing in equation (16) is the deriving torque of the induction generator developed by the wind turbine as shown in Figure 1 . Wind turbine is a mechanical device which converts the kinetic energy associated in air into mechanical power. The rotating motion of the turbine blades forces the shaft of the electric generator. Power captured by wind turbine blade is related to the blade shape, the pitch angle, speed of rotation and the radius of the rotor [14] . The power developed by a wind turbine P W can be mathematically expressed as:
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where ρ is the air density (kg/m 3 ), C P is the power coefficient with a maximum value equal to 0.48 at particular wind speed, R is the radius of the wind blades (m) and V is the speed of wind (m/s). Fixed speed wind turbine operates with very small rotor speed variations. It normally employs squirrel-cage induction generator. Capacitor bank is necessary to supply the induction generator with reactive power. Rotor blades pitch angle control is one possible technique widely used to regulate the speed of the turbine (Geng et al., 2011) . The rated rotational speed of electrical generators is normally much higher than that of wind turbines and therefore a speed step-up gear system is employed as intermediate stage between the turbine and the generator as shown in Figure 1 .
The DC-DC buck boost converter is a power electronic device used to change the average value of the input voltage into higher, equal or lower value. They are used in regulated power supplies, electrical motor drive systems and renewable energy resources as an intermediate stage for controlling purposes. The output voltage of buck boost converter is controlled by changing the duty cycle D of its switch (Mohan et al., 2003) . Duty ratio D is defined as the ratio between the on mode duration of the switch t on and the total switching duration T s . It runs in the boost mode when D is greater than 0.5 where the average value of the output voltage becomes greater than the input voltage. The buck mode takes place if D becomes less than 0.5. Mathematically, the output voltage V o as function of the input voltage V d is:
The inverter is fundamentally a power electronic device that changes DC to AC. The inverter power is provided by a DC input source. Inverters find applications in uninterruptible power supply (UPS) systems, motor drives and renewable energy systems. Inverters typically use pulse width modulation (PWM) method which is a highly developed technique where the width of the gate pulses is controlled by various mechanisms to achieve certain purposes (Mohan et al., 2003) . Harmonics in the output voltage of the sinusoidal PWM inverters are always there and therefore more sinusoidal output voltage is realised utilising filters normally connected across the output terminals of inverters.
Numerical simulations and discussions
This section presents the numerical simulations of the nonlinear dynamical model of the system after step changes in the mechanical load coupled to the motor when the PV generator is fully and partially intensified and the response of the system with a fixed motor load while the solar intensity levels are step changed.
System response at full solar irradiance level and different motor loading conditions
Figures 3-5 present the response of the system at full solar intensity when the load torque (T L ) has step changed from 134 Nm to 88 Nm. Initially at 134 Nm, the motor rotates at a speed of 1,066 rpm with a DC-DC converter duty cycle of 0.39. As the load coupled to the motor becomes 88 Nm, the steady-state motor rotational speed becomes 1,293 rpm with a converter duty cycle of 0.34. The duty cycle of the converter has changed to achieve the target of keeping the terminal voltage of the motor (voltage of the common coupling point) very close to the pre-defined set phase value of 230 V. when the load coupled to the motor changed from 134 Nm to 88 Nm it is found that the motor current is 44.81 A and 25.22 A. The PV generator current is 36.12 A and 16.39 A. Also the induction generator current is 17.88 A and 17.66 A. During these numerical simulations, it is found that the active power consumed by the motor at 134 Nm is about 16.03 kW and at 88Nm is about 9.45 kW. Correspondingly, the active power generated by the PV and induction generators are 12.33 kW, 3.70 kW, respectively and at 88 Nm, 5.75 kW & 3.70 kW, respectively.
System response at 50% of full solar irradiance level and different loading conditions
Figures 6-8 show the system response at 50% of full solar intensity as the load torque is step changed from 90 Nm to 53 Nm. The steady-state common coupling point phase voltage during this step change is kept very close to the desired value of 230 V with a converter duty cycle of 0.404 at the first load torque and 0.37 at the second load torque. 
The response of the system after successive step changes in solar irradiance levels with fixed motor load torque of 90 Nm
Figures 9-11 show the response of the system as it is subjected to successive step changes in solar irradiance levels from full irradiance intensity, to 75% to 50% of full irradiance intensity while the load torque is kept constant at 90 Nm. The phase voltage is maintained very close to the nominal of 230 V, and motor maintains its rotational speed at about 1,293 rpm which can be justified by the fact that the terminal voltage and load of the motor have not changed. The duty cycle of buck-boost converter has changed in the following manner 0.35, 0.36 and 0.404. At these running conditions, it is found that the motor consumes an active power of about 9.45 kW which has been shared between the induction generator with an amount of about 3.70 kW and the PV generator with an amount of about 5.75 kW. Also the motor current, the PV generator current and induction generator current and capacitor current are 25.87 A , 17.05 A , 17.65 A and 8.82 A, respectively after successive step changes in solar irradiance levels from full irradiance intensity, to 75% to 50% of full irradiance intensity. As a summery for the steady-state system parameters for all running conditions, Table 1 shows the detailed values for the proposed stand-alone power system parameters. 
Conclusions
The dynamical and steady-state performance of a hybrid stand-alone power system is investigated. The hybrid energy system comprises a fixed speed wind turbine driving a self-excited squirrel-cage induction generator and PV generator. The PV generator is designed and integrated with the induction generator a common coupling point which in turn feeds a three-phase squirrel-cage induction motor. The integration of the PV generator is accomplished via DC-DC buck-boost switch mode converter, three-phase inverter and LC filter. The capacitance of the filter is combined with the capacitance of the induction generator and shunted at the common coupling point. The main purpose of implementing the capacitance with the stator of the induction generator is to feed it with its reactive power need. The DC-DC converter is used to maintain constant voltage at the common coupling point via adjusting its duty cycle. The inherent harmonics available in the output voltage of the inverter have been suppressed by the LC filter. The study comprises the response of the power system after step changes in the load coupled with the motor at two solar irradiance levels and after successive step changes in the solar intensity with constant motor loading conditions. It is concluded that the DC-DC converter runs all the time in buck (step-down) mode and the proposed power system can run steadily at wide range of solar intensity levels and motor loading conditions with common coupling point voltage very close to the nominal pre-defined set value. Moreover, as the rotational speed of the wind turbine is assumed fixed as it has been controlled by the rotor blade pitch angle, the output electrical power of the wind energy converter has not changed while the output power from the PV generator has widely changed in accordance to the level of solar intensity. In all cases, it is found that the power consumed by the motor is equal to the total power generated by the two generators. Basically, as the mechanical load coupled to the motor increases, the rotational speed of the motor decreases. As a general conclusion, the proposed hybrid stand-alone power system can withstand step changes in the load coupled to the motor and step changes in the solar irradiance levels which indicates the robustness and proves the reliability of the integration between different system components.
Appendix A 
Appendix B
The following are the physical explanations for all power system model parameters.
C eq equivalent capacitance of the filter capacitance and excitation capacitance of the induction generator. 
